Confluent monolayers of BHK-21/C13 cells excreted increasing amounts of polyamines into the extracellular medium with time. Excretion was specifically of spermidine and was not the result of cell death or lysis. Herpes simplex virus type 1 (HSV-1) completely prevented excretion of polyamines from 2 h after infection of the cells. The virus specifically inhibited the release of free spermidine but not of conjugated polyamines.
INTRODUCTION
The polyamines, spermidine and spermine, and the diamine, putrescine, are thought to be of importance in the regulation of proliferation of mammalian cells (Tabor & Tabor, 1976; Janne et al., 1978) . Intracellular concentrations of these compounds are generally highest in rapidly growing cells or tissues (Russell & Snyder, 1968; Russell et al., 1970) and lowest in non-growing or quiescent cells (Heby et a l., 1975; Melvin & Keir, 1978 a) . There are several ways in which the intracellular concentrations of polyamines may be controlled. Their synthesis may be regulated by changes in the activity of the biosynthetic enzymes, ornithine decarboxylase (EC 4.1.1.17), S-adenosylmethionine decarboxylase (EC 4.1.1.50) and spermidine and spermine synthases. Alternatively, polyamines may be removed by oxidation (Hollta, 1977) or by excretion and/or conjugation (Melvin & Keir, 1978a; . In BHK-21/C13 cells intracellular concentrations of polyamines are regulated at the level of both biosynthesis and excretion . Polyamines are also found in animal viruses, such as vaccinia (Lanzer & Holowczak, 1975 ) and herpes simplex virus type 1 (HSV-1; Gibson & Roizman, 1971) . In some cases the continued synthesis of polyamines has been found to be an absolute requirement for virus production. For example, the production of both vaccinia virus (Williamson, 1976) and human cytomegalovirus (Tyms et al., 1979) was prevented when polyamine biosynthesis was inhibited immediately after infection by methyglyoxal bis(guanylhydrazone) or amethylornithine. On the other hand, neither drug had any effect on the production of HSV-1 when added to cultures just prior to (McCormick & Newton, 1975) or immediately after infection (Tyros et al., 1979) . However, when cell cultures were treated with a-difluoromethylornithine, another inhibitor of polyamine biosynthesis, 24 h prior to infection in order to deplete their intracellular pools of polyamines, HSV-1 production was severely inhibited (Tuomi et al., 1980) . The function of the polyamines in virus production is not known but it has been suggested, in the case of HSV-1, from experiments in vitro using isolated nuclei (Francke, 1978) and purified HSV-1 DNA polymerase that polyamines may have a role in virus DNA replication.
HSV-1 infection of several mammalian cell lines has been shown to inhibit the synthesis of the polyamines from ornithine (Gibson & Roizman, 1973; McCormick & Newton, 1975 The two decarboxylase enzymes of the polyamine biosynthetic pathway have very short half-lives (Janne et al., 1978) and consequently are particularly sensitive to alterations in protein synthesis. The inhibition of polyamine biosynthesis may therefore be the result of the general inhibition of host protein synthesis which occurs during infection (Roizman, 1977) . The polyamines found associated with the HSV-1 virion must therefore be derived from pre-existing host cell polyamine pools. In this paper we have examined the effect of infection with HSV-1 on the further metabolism of host cell polyamines, and have found that the virus completely prevents excretion of polyamines into the extracellular medium.
METHODS

Materials.
[1,4(n)-3H]putrescine dihydrochloride (19 Ci/mmol)was from The Radiochemical Centre, Amersham. Dansyl (5-dimethylaminonapthalene-l-sulphonyl) chloride, L-proline and the hydrochlorides of putrescine, spermidine and spermine were from Sigma. Tissue culture materials were purchased from Sterilin and horse serum from Gibco-Biocult. Silica gel 60 thin-layer chromatography plates (without fluorescent indicator) were from Merck.
Cell culture. BHK-21/C 13 cells (MacPherson & Stoker, 1962) were grown in Dulhecco's modification of Eagle's medium (Dulbecco & Freeman, 1959) supplemented with 10 % (v/v) horse serum and 0.1 mM-hypoxanthine (DHIoHX medium) at 37 °C in an atmosphere of 95 % air-5 % CO:. Cells were checked routinely for mycoplasma contamination (Schneider et al., 1974) . Intracellular polyamines were labelled by growing the cells for 18 to 20 h in Dulbecco's medium supplemented with 10% (v/v) dialysed horse serum, 0.1 mM-hypoxanthine and [3H]putrescine dihydrochloride (1 gCi/ml). The cell sheet was then washed twice in warm (37 °C) DH~0Hx medium and fresh non-radioactive DH~oHx medium was added to the cultures. The cells were grown for a further 24 h to allow the radioactive putrescine to equilibrate with the unlabelled pools of polyamines. By the end of this time the cells had reached confluence.
Growth andpurificaton of the virus. HSV-1, Glasgow strain 17, was produced in confluent monolayers of BHK-21/C13 cells by the method of Keir & Gold (1963) . The titre of infectious virus was determined by the plaque assay method of Russell (1962) . In all experiments confluent cell monolayers were infected by exposure to HSV-1 for 1 h at 37 °C at an input multiplicity of 10 p.f.u./cell. At the end of the adsorption period the inoculum was replaced by Dulbecco's medium containing 2% (v/v) dialysed horse serum and 0-1 mM-hypoxanthine.
Estimation ofpolyamines. Cell monolayers were washed twice with ice-cold phosphatebuffered saline (PBS) and the cells were harvested in PBS. The cells were collected by centrifugation in an Eppendorf centrifuge for 2 min at 8000 gav and the polyamines extracted twice in 0.2 M-HC10 4. After 15 min at 4 °C the cell suspension was homogenized and the acid-insoluble material collected by centrifugation as before. The supernatants were decanted and stored at -20 °C for up to 4 days for polyamine analysis. The acid-insoluble pellet was dissolved in 0.3 M-NaOH at 37 °C for 1 h and a portion was used for the determination of cell protein (Lowry et al., 1951) .
The acid-soluble supernatants were reacted with dansyl chloride and the dansyl derivatives were separated by thin-layer chromatography (Dion & Herbst, 1970) . Spots corresponding to the polyamines were scraped from silica gel plates and analysed by fluorescence assay or for radioactivity. Standard solutions of putrescine, spermidine and spermine were dansylated at the same time as the samples and were used either to quantify relative fluorescence or as internal standards in the experiments using radiolabelled polyamines. Samples of medium were extracted in 0.2 M-HC10 4 and treated in the same way.
Polyamine samples for hydrolysis were extracted as described above except that 5 % (w/v) trichloroacetic acid was used instead of HC104. Hydrolysis was carried out at 110 °C for 16 to 20 h in 6 ~-HC1 as described by Gerner & Russell (1977) .
RESULTS
BHK-21/C13 cells were grown to confluence and either infected with HSV-1 Or mockinfected using medium alone. The total intracellular polyamine content of mock-infected cells decreased with time after confluence (Table I ). This was due to decreases in intracelltilar content of spermine and, more especially, spermidine. The ratio of spermidine to spermine in these cells remained low. In HSV-l-infected cells there was also a decrease in the total intracellular content of polyamines but this was much smaller than that occurring in the mock-infected cells and was due to a fall in the intracellular spermine content only (Table 1) . Since there was no decrease in the intracellular content of spermidine in these cells the ratio of spermidine to spermine increased until at 24 h after infection it was double that of the mock-infected cells. A similar increase in the ratio was observed by Gibson & Roizman (1973) in HEp-2 cells.
The intracellular polyamines of BHK-21/C 13 cells were labelled by incubating the cells in medium containing [3H]putrescine dihydrochloride. At confluence, these cells were infected or mock-infected as before and the radioactivity in the cells and the medium was determined. Radioactivity was lost continuously from mock-infected cells into the extracellular medium so that 24 h after confluence the cells had lost 28 % of their initial radioactivity (Fig. 1) . No protein was lost from the cell monolayer during this time ( Table 2 ), indicating that this loss was not due to cell lysis or leakage as was suggested by McCormick (1978) . In contrast, HSV-1-infected cells initially lost 8 % of their radioactive material, but thereafter no further excretion occurred (Fig. 1) .
At confluence, most of the intracellular label was in the form of spermine, while less than 20% was present as spermidine (Table 2) . Very little label occurred as putrescine (Table 2) . However, not all of the radioactivity was recovered as free polyamines--a significant proportion remained at the origin of the chromatogram and did not migrate by thin-layer chromatography ( Table 2) . Hydrolysis of this material with acid released both spermidine and spermine in the approximate ratio of 1 : 1.75 indicating that this material contained these two polyamines in a conjugated form in proportions similar to those occurring in the free form (Table 1 ). The nature of this conjugated material is not known and this is currently under investigation in our laboratory. There appeared to be two forms of the conjugated material: one which is sensitive to acid hydrolysis and one which is resistant.
In mock-infected cells the amount of radioactivity occurring as free spermidine decreased with time until at 24 h post-infection less than half of the original amount of free spermidine remained (Table 2) . No decrease was observed in the amount of free spermidine in the virus-infected cells (Table 2 ). In both cases there was a small increase in the amount of radioactivity occurring as the conjugated derivatives of the polyamines but there was little change in the amounts of free spermine and putrescine ( Table 2 ).
All of the radioactivity lost from normal and infected cells was found in the acid-soluble fraction from the medium and could be accounted for as free or conjugated polyamines. In the mock-infected cultures the amount of radioactivity present as free spermidine increased with time such that spermidine was, at all times, the major polyamine in the extracellular medium (Fig. 2 a) . The amount of putrescine in the medium was very low (less than 0.4 x 103 ct/min) and did not change throughout the experiment (results not shown). The amount of spermine in the medium also showed little change over the 24 h period of the experiment (Fig, 2a) . Increasing amounts of conjugated polyamines were, however, observed in the medium (Fig.  2 a) . Acid hydrolysis of this material revealed it to comprise mostly conjugated spermidine Plates were seeded at a density of 5.5 x 104 cells/cm 2 and the intracellular polyamines were labelled as described in Methods. At confluence, the cells were either infected with HSV-1 (10 p.f.u./cell, A) or mock-infected (A) with Dulbecco's medium alone. After 1 h the inoculum was removed and fresh medium added to the cultures. At various times thereafter samples of cells and medium were harvested and the radioactivity in the acid-soluble fraction determined using an Intertechnique SL40 liquid scintillation spectrometer with counting efficiency for 3H of 25 to 30 %. The 100 % value which includes all radioactive polyamines varied little throughout the experiment; 100% radioactivity was equal to 5-45 _+ 0. * Polyamines were extracted from confluent mock-infected and HSV-1-infected BHK-21/C 13 ceils as described in Methods. Dansyl-polyamine derivatives were prepared and separated by thin-layer chromatography using cyclohexane-ethyl acetate (3:2) as the mobile phase. After extracting the dansyl-polyamines in methanol: ammonia (95:5) fluorescence, relative to known amounts of dansylated polyamine standards, was measured using a Perkin Elmer 1000 fluorimeter. Values are the average of two plates assayed in duplicate. In each case the standard error of the mean (S.E.M.) was less than 10% of the value shown.
but with some conjugated spermine and some material which was resistant to hydrolysis. The amount of the conjugated forms of spermidine and spermine were again in similar proportions to those found for the free polyamines in the medium (results not shown). In the medium from HSV-l-infected cells the amount of free spermidine present remained low (Fig. 2b) . There was, however, as in the case of the mock-infected cells, an increase in the amount of conjugated polyamines released into the medium (Fig. 2a) . Again, putrescine and spermine remained low and showed little change throughout the experiment.
In an attempt to show that polyamines were sequestered by the virus we purified HSV-1 which had been grown in cells containing radiolabelled polyamines. Virus was purified on a 15 to 35 % (w/v) sucrose density gradient. Infectious virus was found to band at a density of 1.13 to 1.15 g/ml. A small peak of radioactivity amounting to about I0 to 11% of the total was also found to band at this density. The fractions containing infectious virus were pooled and the virus was pelleted at 20000 rev/min for 2 h using a Beckman SW27.1 rotor. The virus pellet was extracted in 0.2 M-HC10 4 and the radioactive polyamines were dansylated and separated by thin-layer chromatography. Radioactivity was found in all three polyamines Fig. 1 were used to determine the intracellular distribution of radioactive polyamines. Polyamines were dansylated, the dansyl derivatives separated by thin-layer chromatography and the radioactivity in each polyamine determined as before. The values are the mean of six determinations. In each case the S.E.M. did not exceed 10 % of the values shown.
and at the origin of the chromatogram. The ratio of radioactivity present as spermidine to that present as spermine was 1.74 which falls within the limits of error of the ratio of 1.6 _+ 0.2 observed by Gibson & Roizman (1971) . These results suggest then that the virus does indeed sequester polyamines from the host cell pools but that the amount sequestered is small, of the order of 10 to 11% of the total host cell polyamines.
DISCUSSION
The intracellular concentration of polyamines is dictated by the growth rate of the cell and is regulated by a balance between their biosynthesis and uptake on the one hand, and their excretion and oxidation on the other . Factors, such as insulin or serum, which increase the growth rate of cells have been shown to stimulate the biosynthesis of the polyamines (Hogan et al., 1974) and greatly increase the transport of putrescine into cells (Pohjanpelto, 1976) . In contrast, when cell growth was inhibited by either serum starvation or isoleucine deprivation polyamine biosynthesis decreased and excretion increased (Melvin & Keir, 1978a . Similarly, when the growth rate of cells was decreased by densitydependent inhibition of growth, polyamines were excreted from the cells (Fig. 1) .
Several external factors have been found to modulate the intracellular concentrations of polyamines. For example, viruses such as human cytomegalovirus (Isom, 1979) , polyoma (Goldstein et al., 1976) and vaccinia (Hodgson & Williamson, 1975) stimulated the activity of ornithine decarboxylase shortly after infection. HSV-1-infection, on the other hand, inhibited the biosynthesis of the polyamines in HEp-2 and L cells (Gibson & Roizman, 1973; McCormick & Newton, 1975) . We have shown that in BHK-21/C13 cells infection with HSV-1 prevented the excretion of polyamines (Fig. 1) . Virus infection specifically prevented the loss of free spermidine from the cells but not the loss of conjugated polyamines (Fig. 2) .
One consequence of the decreased excretion from HSV-l-infected cells was a marked increase in the intracellular ratio of spermidine to spermine (Table 1 ). In the purified virion the ratio of these two polyamines has been reported to be 1.6 _+ 0.2 (Gibson & Roizman, 1971) , the increased ratio in the infected BHK cells therefore reflecting the ratio of spermidine to spermine in the virion rather than the ratio in the host cell (Table 1) . In infected cells the ratio was increased because the intracellular concentration of spermidine remained constant while the concentration of spermine decreased. In contrast, in the mock-infected cells the intracellular concentrations of both polyamines decreased (Table 1) . The reason for the decrease in the concentration of spermine is not clear. It may be a combination of the oxidation of spermine to spermidine and/or putrescine and the conjugation of free spermine. The decrease was not due to excretion of spermine, however, since only a small amount of free spermine was found in the medium (Fig. 2) .
Another consequence of the decreased polyamine efflux in infected cells was a complete change in the distribution of labelled polyamines in the medium (Fig. 2) . The release of free spermidine was completely prevented by infection with HSV-1 (Fig. 2) . Interestingly, it was only the release of spermidine which was inhibited; increasing amounts of conjugated polyamines were still released into the medium by HSV-l-infected cells. One possible explanation is that polyamines are sequestered by the virus. Our attempts to examine this possibility suggested that only a small proportion of the host polyamines were sequestered by the virus and so it seems most likely that HSV-1 infection results in specific inhibition of spermidine transport out of the cell possibly as a result of changes in the structure of the cell membrane which occur after virus infection. Similar alterations in the distribution of polyamines have been observed in the medium from BHK-21/C13 cells treated with either methylglyoxal bis(guanylhydrazone), an inhibitor of S-adenosylmethionine decarboxylase, or with ct-methylornithine, an inhibitor of ornithine decarboxylase (Melvin & Keir, 1978b; Wallace et al., 1979) . In each of these cases, as with the HSV-l-infected cells, only the excretion of free spermidine into the medium was decreased. These results together imply that it is the free form of spermidine which is specifically excreted by BHK-21/C 13 cells and that in these cells, conjugation does not seem to be a prerequisite for excretion.
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